The purpose of this study was the develop ment of a model of embolic stroke with high reproduci bility concerning infarct volume. In 37 male Sprague Abbreviations used: ECA, external carotid artery; ICA, inter nal carotid artery; MCA, middle carotid artery.
Dawley rats, the internal carotid artery was embolized with in vitro preformed suspensions of autologous micro emboli resembling arterial thrombi. With a method of continuous flow through the carotid arterial catheter, re flux of blood with uncontrolled clotting and embolization was avoided, thereby providing control animals free of ischemic damage. The embolized animals had arterial oc clusions on angiograms immediately after embolization and no spontaneous recanalization on angiograms 2 h later. The cerebral blood flow measured by the intra-A growing interest in thrombolytic therapy in acute cerebral ischemia has increased the need for an animal model of thrombotic embolization with reproducible infarcts. Experimental studies have demonstrated that neuronal damage does not occur in the first few minutes after the onset of ischemia (Hossman and Kleihues, 1973) . The time interval between the onset of ischemia and neuronal death varies according to species, model (focal or global ischemia), and severity and duration of ischemia (Sundt et aI., 1969; Crowell et aI., 1970; DeGirolami et aI., 1984) . It is unknown whether in human stroke institution of a treatment within that interval will result in a reduction in infarct size. It is important to arterial 133Xe injection method decreased to 21-37% of baseline values. All embolized animals developed hemi paresis with spontaneous circling behavior, embolization with more than 150 ILl clot suspension resulted in hemi spherical infarcts. There was a strong statistically signif icant correlation between amount of emboli, rate of vas cular occlusion, and volume of infarcted tissue. This is the first model presented utilizing autologous in vitro mi croemboli imitating "white" arterial thrombi. The ani mals developed infarction, resembling human stroke. Key Words: Experimental thromboembolism-Stroke-Blood flow-In vitro thrombotic clotting-Cerebral infarction. test whether early recanalization with thrombolytic agents may result in neuronal recovery. Most of the knowledge, however, concerning the pathophysiol ogy of cerebral ischemia has been established from models of global ischemia and of focal ischemia by means of surgical occlusion of an intracranial ex tracerebral artery such as the middle cerebral artery (MCA). These models, however, are not suitable for the study of the pathophysiology of ischemic infarction treated by thrombolytic agents.
In this report, we describe a model of embolic occlusion in rats. In the development of the model, we were inspired by Kudo et aI. (1982) , who de scribed a model of embolization with autologous rat whole blood clots formed in vitro. A blood clot pro duced by extravascular coagulation is histologically different, more fragile, and softer than a thrombus formed in an artery during high pressure and normal circulation of blood (Robbins and Cotran, 1974) . This might explain why distal fragmentation and spontaneous reperfusion frequently occurred in em bolization models using whole blood clots formed in vitro (Siegel et aI., 1972; Kaneko et aI., 1985) . Late spontaneous recanalization is believed to happen in most cases of human ischemic stroke, and early reperfusion may result in the limited extension of infarcts in transient ischemic attacks, but in an ex perimental situation it will diminish the difference in arterial patency and infarct size between throm bolytic-treated animals and controls. The conse quence of that might very well be that more animals are needed to prove a possible beneficial effect. Chandler (1958) described a way to make a large thrombotic "white" clot with a "red" tail in a mov ing low-pressure in vitro system. In order to make less fragile and more resistant clots, we developed this method further, in order to produce "white" thrombotic microclots with few red cells in a mov ing high-pressure closed compartment system.
MATERIALS AND METHODS
Twenty-seven control and 37 embolized male Sprague Dawley rats weighing 300-400 g were used. We applied a method of anesthesia with proven (Svendsen and Carter, 1985) minimal influence on blood gas tensions and acid base status of laboratory rats. Anesthesia was thus in duced with diazepam (Apozepam, Apothekernes Labora torium As., Oslo, Norway), 0.15 mg intraperitoneally, at ropine, 0.015 mg subcutaneously, fluanison, 0.8 mg, and fentanyl, 0.016 mg (Hypnorm, Janssen Pharmaceutica, Beerse, Belgium) intramuscularly. The anesthesia was prolonged when necessary with one-third of the initial dose. The body temperature was kept within the physio logical range (37-38°C) by rectal temperature monitoring and thermostat-controlled heating of the operating table.
Vnder operation stereomicroscope with a magnifica tion of 4, the right femoral artery and vein were catheter ized with a polyethylene tube (PP 25, I.D. of 0.4 mm) that was filled with heparin, 5 Vlml of saline and clamped. The venous line was kept patent by continuous flow of iso tonic saline at a rate of 0.5 mUh. Mean arterial pressure was repeatedly measured through the arterial femoral line. Prior to embolization and prior to the second angi ography, arterial blood was sampled for Pa02, PaC02, and pH microelectrode determination (Radiometer ABL 2, Copenhagen, Denmark). The reliability of measure ments was secured by daily cleaning of tubes and by per forming a normal test, and by weekly tests of electrodes with controls including extreme values. The equipment autocalibrated every second hour, and all values were corrected to the exact temperature of the animal.
Preparation of the emboli
A 1 ml insulin disposable syringe with a 28-gauge (I.D. of 0.164 mm) needle was filled with thrombin (Toposta sine, Roche AS, Haridovre, Denmark), 60 Vlml saline. Immediately after the arterial femoral catheter was placed and fixed, an appropriate amount of blood was drawn in another insulin syringe of the same type. After less than 20 s, the two syringes were interconnected from tip to tip with a 10 cm long PP 10 (I.D. of 0.28 mm) polyethylene tube, and the suspension containing blood and thrombin solution in a mixture of 4: 1 was moved approximately 70 times from one syringe to the other during 3 min. The syringes were left standing with closed compartments for 30 min until embolization.
Carotid operation procedure
The right external carotid artery (ECA) and its branches were exposed; pterygopalatine, thyroid, and oc cipital arteries ligated; and a polyethylene PP 25 catheter through a transverse arteriotomy inserted with the tip 2 mm distal to the bifurcation and fixed with ligatures. Dur ing this maneuver, disturbance of the blood flow in the internal carotid artery (ICA) was avoided, and care was taken not to injure the intima. Clotting in the catheter was avoided by continuous flow of heparinized (5 VIm!) saline through the line at a rate of 0.5 mllh maintained by an infusion pump (B. Braun Melsungen As., Copenhagen, Denmark) and flushing the line after each disconnection for injections (emboli, x-ray contrast, and 133Xe) by in creasing the infusion speed to 30 mllh for 5 s.
Embolization and cerebral blood flow (CBF) measurements
Just prior to and after embolization, CBF was mea sured using an intracarotid bolus injection of 0.15-0.20 ml of saline containing 133Xe (5-10 mCilml, Amersham, Bir kerod, Denmark). Clearance was recorded by external detection with a collimated N al(Th) crystal placed over the right MCA area. The pre-embolic clearance was re corded as the initial 15-s slope. Then, in 37 animals, the preformed emboli suspension (described above) was gently injected into the carotid catheter during the next 30 s. In the following 15 s, the postembolic 133Xe efflux was recorded. Both CBF values were calculated from the slope of the clearance of 133Xe on a semilogarithmic plot using the formula CBF (ml 100 g-I min -I ) = A x In 10 x Do x 100, where the blood partition coefficient for the gray matter, A, is 0.87 mllg and Do is the initial slope. A peak value of around 2,000 cps assured that the linearity of the logarithmic clearance curve was not affected by low counting statistics. In 27 control animals, the same volume of isotonic saline instead of emboli suspension was injected. In 19 of these animals, the continuous flow through the ICA as described under the carotid operation procedure was not performed, and these animals had re peated reflux of blood in the carotid catheter during sam pling for arterial blood gas values, blood pressure mea surements, and angiography. Nine of these 19 animals were given heparin, I Vlg of body weight i.v. before the carotid operation procedure.
Angiography
Immediately after and 2 h after embolization, angiog raphy was performed via the carotid catheter by bolus injection of 0.2 ml of heparinized (5 Vlml) iohexol (Om nipaque, 300 mg of IIml, Nycomed, Copenhagen, Den mark). The heparinization was used, since it has been shown (Robertson, 1987) that this low amount of heparin can inhibit unwanted clot formation in a mixture of the x-ray contrast agent and blood. An x-ray tube (Philips SRO 031100) with a small focus spot (0.15 mm2) and large focus spot (1.5 mm 2 ) was used. Exposure data were 70 kV, 14 rnA, and 0.4 s. One anteroposterior (AP) view with a focus-object distance of 3 1.5 cm and focus-film dis tance of 141.5 cm gave a linear magnification of 4.5. An giograms were made on mammographic high-resolution Kodak NRM-l films, and were evaluated blindly by a neuroradiologist according to the following scores: 0 = patent arteries, 1 = distal MCA branch occlusion, 2 = mainstem MCA occlusion, 3 = ICA occlusion ( Fig. 1 ). After the second angiography, animals received 10 ml of isotonic saline intraperitoneally; femoral and neck wounds were closed after removal of all catheters and ligations of vessels. The anesthesia was reverted with nal oxone (Narcanti, Du Pont Pharmaceuticals), 0.1 mg i.m. The neurological status was evaluated according to Bed erson et al. (1986) : Rats were held gently by the tail 1 m above the floor and observed for forelimb flexion. Nor mal rats extended both forelimbs towards the floor and were assigned grade 0; rats with flexion of the forelimb contralateral to the injured hemisphere were graded 2; and rats with spontaneous circling towards the paretic side were graded 3.
The animals were then placed in an incubator with a humidity of 75% and temperature of 28°C for around 10 h. Animals unable to drink received 10 ml of equal parts of isotonic saline and isotonic glucose 10 and 20 h after em bolization to avoid dehydration.
Preparation of brain tissue and measurement of infarct size
Four to 6 days after the operation, the animals were killed by perfusion fixation with 4% phosphate-buffered (pH 7.2) formalin solution. In the perfused fixed animal and in the animals dying before this procedure, the brains were carefully removed, postfixed, and dehydrated dur ing 5 days, embedded into paraffin, and cut at a 4 /Lm (A) / I I section thickness. In each brain, around 17 horizontal sections with the distance of 0.4 mm between slices were obtained and stained with hematoxylin-eosin. Using a Leitz T AS plus image analyzer (Ernst Leitz Wetrlar GMBH, Wetrlar, Germany) ( Fig. 2) , affected hemisphere and infarct volumes were calculated as areas mUltiplied by the distance between sections. Infarct areas included regions of 100% neuronal death.
Statistical analyses
Nonparametric tests were performed, since all of our data were on scales of nominal, rank ordinal, or ratio interval with no apparent normal distribution of values: Mann-Whitney V test or Kruskal-Wallis test for un paired observations, Wilcoxon matched pairs for paired observation, and Fischer's exact probability test for sur vival rate. In comparisons with more than two groups, the X2 test for trends was used. The Joncheere-Terpstra test was used for testing trends in ranked data, and the Spear man rank correlation test for paired ranked observations.
RESULTS
In this study, four series of animals embolized with 150, 200, 250, and 500 f.11 emboli suspension were compared with a control series without embo lization exposed to the same surgical and interven tional trauma. Blood gas values are shown in Table 1 . The ani mals hypo ventilated slightly during this anesthesia with spontaneous respiration. No significant differ ences between surviving, dying, embolized, or con trol groups were found. Three control and one em bolized animal with p0 2 saturation below 92. 5% were excluded from the study.
Repeated angiography demonstrated patent arter ies supplying the brain in all control animals. Four animals embolized with 150 1-11 of emboli suspension and one with 200 1-11 had no visible arterial occlu sion, and six animals had ICA occlusion, none of which were in the 150 1-11 group. The rate of occlu sion assessed from 0 to 3 by the scale mentioned in the Materials and Methods section was dependent on the volume of emboli; a significant lower occlu sion rate (p < 0.01) was found in the group embo Ii zed with 150 1-11 of emboli suspension compared to the pooled 250 + 500 1-11 groups ( Table 2 ). The oc clusion rate was increasing with increasing amounts of emboli suspension (p < 0. 005) (loncheere Terpstra test for trend). No spontaneous recanali zation was found in the embolized animals by com parison of the first and second angiogram (p > 0. 6) (Wilcoxon matched-pairs test). In the embo lized animals, there was a strong correlation be tween the rate of occlusion on angiography and the infarct size (p < 0.002, R = 0.72) (Spearman rank correlation test).
The median value of CBF recorded immediately after embolization dropped to 37% of the pre embolic level in the 150 1-11 group, to 21-27% in the other embolized groups. The correlation between initial CBF reduction and infarct size was weak (0.05 < P < 0.1) (Spearman rank correlation test). CBF reduction after embolization was between 44 and 89% (total range) of the initial CBF, except for one animal in the 150 1-11 group with a CBF reduction of only 4.2o/o-this animal was the only emboli zed animal without infarction.
Recovering from anesthesia, the embolized ani mals were lethargic, showing asymmetrical posture, flexion of the forelimb contralateral to emboliza tion, circling, tilting of the head, and pallor of the eyeball. In a few animals, episodes of motor sei zures were observed. Severely damaged animals were unable to take fluid and food in the postoper ative period. As seen in Table 2 , the death rate in creased with increasing volume of injected emboli (p < 0. 0002) (X 2 test for trend in proportions). An imals of the 250 and 500 1-11 groups had severe clin ical damage and obtained the highest grade of Bed erson score, persisting even 4-6 days after embo lization, or died. The 150 1-11 embolized animals had lower Bederson scores at day 5, but this observa tion was not significant (p > 0.05) (Mann-Whitney test). All deaths were observed in the first 48 h after operation, most of them within the first 24 h. The total range of the volume of the affected hemisphere in animals who died was larger (326-429 mm 3 ) than in survivors (243-322 mm 3 ) (p < 0.001) (Mann Whitney test).
Microscopy of emboli
Twenty samples of emboli were studied micro scopically on smears of semithin films, stained with routine May-Grunwald-Giemsa stain, and com pared to normal peripheral blood from identical rats. The emboli (Fig. 3) were heterogenous in size and shape, although the majority were elongated, irregularly outlined, less than 0.2 mm in cross diameter, and resembled arterial "white" thrombi, rich in platelets and fibrin, intermingled with a few erythrocytes and leukocytes. Less than 5% of the erythrocytes in the emboli suspension showed poikilocytosis, considered to be a consequence of the mechanical stress during thrombi formation, whereas the leukocytes remained normal.
Histology
Neuropathological examination showed infarc tion on the side ipsilateral to embolization, with loss of all cell types (neurons, glial cells, and endothelial cells) and occurrence of numerous macrophages, often with distended cytoplasm. There were no signs of inflammation. All infarcts (Table 2) were anemic, except for one animal in the 150 J.LI group, which had a hemorrhagic infarction. Some of the infarcts were irregularly shaped; almost all infarcts were clearly demarcated with a neuropathological "penumbra" of only 5-10 cells in width, with spo radic eosinophilic neurons. In all animals with in- farction, the MCA area was involved without ex ception, the region of the posterior cerebral artery was infarcted with some variability, and the ante rior cerebral artery area was never infarcted. The animals who survived had smaller infarcts than dy ing animals. Among the animals embolized with 250 and 500 J.LI of emboli suspension, the two animals who survived had the smallest volume of infarction; 52.0 and 50.5%. Also, among the animals embolized with 200 J.LI, the same tendency was observed: the median volume of infarction in animals who died was 65.6%, and the median in survivors was 23.3%. Our main finding (Table 2 ) was a close relation ship between infarct volume and emboli suspension volume (p < 0.0007) and the relationship between the affected hemisphere volume and emboli suspen sion volume was less pronounced but significant (p < 0.02) (both Joncheere-Terpstra tests for trends).
Control animals
All survived, and in the eight animals treated with continuous flow, all angiograms showed patent ar- teries, and the animals had no detectable clinical or neuropathological damage. In another 10 animals, where reflux in the ECA catheter was allowed, five animals had Bederson 3 scores after the operation and infarctions of varying size. In the remaining five animals, the Bederson score was zero on both ex aminations, and no damage was found on neuro pathological examination. In the last nine control animals treated with heparin, and where reflux in the ECA catheter was allowed, all Bederson and angiographic values were zero; no infarctions were found on neuropathological examination, but there were slight oozing of blood during and after the op eration. It was concluded that the control animals treated with continuous flow through the ECA cath eter (Table 2) reached the same goal in a better way: patent arteries with no clinical or neuropathological damage. Without systemic heparinization, bleeding complications were avoided. For that reason, the continuous flow method was selected for the embo lization experiments.
DISCUSSION
In a recent review (Del Zoppo, 1990) , a model of stable occlusion was wanted. The present model is the first utilizing autologous in vitro clot formation, where the clots imitate arterial thrombi. The clots were quickly produced in vitro, in a simple way utilizing cheap standard disposable syringes. The high resistance of our emboli might be the explana tion of why we have reached a 100% infarction rate (except for one animal embolized with 150 fl.l, where the emboli might have lysed), while others (Kudo et al., 1982; Kaneko et al., 1985) only reached a 75% infarction rate. Kaneko et al. (1985) observed bilateral damage in 30% of embolized an imals, while in the present series there were no con tralateral infarctions, which might be due to the lower injection speed of clots.
In the production of the emboli suspension, ad dition of thrombin and saline to the blood was needed, in order to insure rapid clot formation and to reduce the hematocrit and viscosity, necessary to prevent severe damage and hemolysis of blood cells during their high linear speed passage through the narrow gauge needles during clot formation. After embolization, we found a reduction in CBF to 22-40 ml 100 g-I min -I. This infarction threshold is higher than reported in previous studies of surgical occlusion models. Even though \33 Xe and emboli suspension were injected into the same arterial ter ritory, the 133 Xe clearance curve after embolization was the result of washout from tissue areas with practically no flow, as well as from areas with more normal flow. This may explain the rather high flow values after embolization.
The 250 fl.l emboli damaged all animals with low variability between individuals in the series, but the survival rate was low; consequently, the neuropath ological evaluation was made from immersion-fixed brains, where the ischemically damaged tissue ap peared with edema and vacuolization. The in creased hemispheric volume of non surviving ani mals indicates edema of the injured tissue. Presum ably, these animals died of increased intracranial pressure. In the 150 fl.l series, infarction volumes were much lower, and one animal showed no in farction. For these reasons, we suggest that the 200 fl.l emboli suspension technique was the most suit able for further studies: with this model, there was a substantial reduction in CBF in the affected re gion, the relevant intracerebral vessels were oc cluded, and no spontaneous recanalization oc curred, probably due to the high resistance of our high-pressure formed white thrombotic emboli. Spontaneous recanalization later than 2 h after the embolization could occur, although it did not pre vent infarction. The absence of significant sponta neous recanalization is a necessary prerequisite when studying the effect of thrombolytic therapy. The animals were severely damaged, judged by re peated clinical scoring, and a hemispheric ischemic infarct was produced in all animals.
The lesions were produced by multiple emboli of different size, of which one or several might have blocked the intracranial arteries. If an early embo lus was large enough to obliterate the ICA, the col lateral circulation via the circle of Willis might have prevented infarct formation. It was therefore criti cal to obtain small blood clots. Ischemic stroke in patients may occasionally be due to showers of em boli, but the most frequent event probably is a sin gle or a few emboli at a time, dislodged either from an arterial lesion or from the heart. The described model thus does not mimic the human situation ex actly, but comes close. In spite of the multiple em boli, the produced infarcts were not patchy, but corresponded to ischemia in one or several larger arteries. On the contrary, the infarcts were larger and more regularly outlined in animals embolized with larger volumes of emboli suspension. Proba bly, a large embolic load resulted in plugging of the arterial tree, a hypothesis that is in agreement with the angiographic findings.
There is no clinical evidence yet of a possible relationship between severity and duration of cere bral ischemia; in a clinical trial of more than 400 patients undergoing carotid endarterectomy (Mora wetz et al., 1984) , there was no relationship be-tween rCBF during carotid occlusion and either the immediate or delayed development of neurological complications or the presence of new deficits on awakening. Probably, the neurological complica tions to carotid surgery are more related to embo lization than to intraoperative hemodynamic changes of the CBF. The clamping period of re duced flow is usually below 30 min, which may in dicate that neurons tolerate this duration of focal ischemia. From models of global ischemia, it is gen erally accepted that ischemia injures neurons easier than glia and vascular endothelium, and among spe cific neurons some neurons are more susceptible than neighbors to the same ischemic conditions (e.g., those in the CAl sector of the hippocampus). This variability is known as selective vulnerability (Ito et aI., 1975; Diemer and Siemkowicz, 1981) . The ultrastructural changes of the tissue brought about by the ischemic event develop over a period of minutes, hours, or even days after the injury, which indicates that a safe estimation of the volume of infarction should await for these damages to oc cur.
Outcome after an ischemic stroke is related to the volume of infarction measured by computed tomog raphy (CT) scan (Allen, 1985) . If a treatment is achieved with the modest aim of reducing this vol ume by even 15-20%, a substantial amount of dis ability would be prevented. It has been shown (Fieschi et aI., 1989 ) that 76% of all patients evalu ated within the first 6 h after an ischemic stroke had a complete arterial occlusion. Probably, even more than 76% of these strokes are caused by arterial occlusion, since in some of the cases recanalization could have taken place before angiography, and the angiography itself cannot display clinically relevant occlusion of small arteries and arterioles.
In our opinion, a model of close resemblance with human stroke suitable for the study of thrombolysis should include documentation of relevant vascular occlusion, in which spontaneous recanalization does not occur within the study period contributing to variation and reduced ischemic damage.
The present model meets these criteria.
